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ABSTRACT surface fatigue lives than standard AISI 9310 gear
steel. 3-5 A more recent high-hot-hardness steel,

Spur gear endurance tests and rolling-element M5ONIL, was developed originally as a carburizing-
surface fatigue tests were conducted to investigate grade race material for rolling-element bearings.
vacuum-induction-melted. vacuum-arc-remelted (VIM- It improved fracture toughness while re aining not
VAR) MSONIL steel for use as a gear steel in haro.iess and long bearing fatigue life.l This
advanced aircraft applications, to determine its material was developed from the standard AISI MS0
endurance cnaracterlstics, and to compare the bearing material by reducing the carbon content to
results with those for standard VAR ana VIM-VAR improve the fracture toughness and by adding a
AISI 93-rO gear material. Tests were conauc:ed with small amount of nickel to stabilize the austenite
spur gears and rolling-contact oars manufactured and to prevent the formation of exgessive amounts
from VIM-VAR M5ONiL and VAR and VIM-VAR AISI 9310. of ferrite and retained austeni te. With Its
The gear pitch diameter was 8.9 cm (3.5 In.). Gear reduced carbon content the MSONi material can be
test conditions were an Inlet oil temperature of case carburized to give a hard bearing surface
320 K (116 OF), an outlet oil temperature of 350 K while retaining a tough core. Rolling-contact (RC)
(170 OF), a maximum Hertz stress of 1.71 GPa fatigue tests with MSONIL 6 have shown it to have
(24B ksi). and a speed of 10 000 rpm. Bench excellent surface fatigue life.
rolling-element fatigue tests were conducted at The objectives of the research reported herein
ambient temperatures with a bar speed of 12 500 rpm were (1) to investigate MSONIL for use as a gear
and a maximum Hertz stress of 4.83 GPa (700 ksi). material, (2) to determine the surface endurance
The VIM-VAR M5ONiL gears had a surface fatigue life characteristics of M5ONIL, and (3) to compare the
that was 4.5 and 11.5 times that for VIM-VAR and results with those for standard VAR and VIM-VAR
VA:R AISI 9310 gears, respectively. The surface AISI 9310 aircraft gear materials. To accomplish
fatigue life of the VIM-VAR MSONIL rolling-contact these objectives, tests were conducted with spur
bars was 13.2 and 21.6 times that for the VIM-VAR gears and RC test bars manufactured from M5ONIL.
and VAR AISI 9310, respectively. The VIM-VAR For comparison purposes spur gears and RC test bars
M5ONIL material was shown to have good resistance manufactured from VAR and VIM-VAR AISI 9310 were
to fracture through a fatigue spall and to have also tested for fatigue life. The gear pitch diam-
fatigue life far superior to that of both VIM-VAR eter was 8.9 cm (3.5 in.). Test conditions for the
and VAR AISI 9310 gears and rolling-contact bars. gears included an inlet oil temperature of 320 K

(116 OF) that resulted in an outlet oil temperature
INTRODUCTION of 350 K (170 OF), a maximum Hertz stress of

1.71 GPa (248 ksl), and a speqd of 10 000 rpm. The
Recent develcpments by aircraft turbine eng- rolling-element fatigue test b , were' conducted

ine groups and others have required the use of with 0.952-cm (0.375-in.) diameter test bars. The
fracturefesistant bearing materials for integral RC tests were conducted at ambient temperature with
rolling-element bearing races. Higher speed bear- a bar speed of 12 500 rpm and a maximum Hertz
ings require races with good fracture toughness to stress of 4.83 GPa (700 ksi).
prevent serious failures after a race fatigue fail-
ure (i.e., spall) occurs. The use of advanced APPARATUS AND PROCEDURES
high-hot-hardness steels for aircraft engine bear-
ings and aircraft transmissions for helicopters, Gear Test Apparatus
VSTOL and geared fans or turboprops has been The gear fatigue tests were performed in the
shownf,2 to extend the operating life at higher NASA Lewis Research Center's gear fatigue test
operating temperatures. In addition the use of apparatus (Fig. 1). This test rig uses the four-
high-hot-hardness materials can considerably square principle of applying the test gear load so
lengthen operating times if the lubrication and that the input drive only needs to overcome the
cooling system fails and the operating temperature frictional losses in tho system. Oil pressure and
Increases. leakage flow are supplieo to the load vanes through

Several high-hot-hardness carburizlng grade a shaft seal. As the oil pressure on the load
gear steels have been developed in recent years. vanes Inside the slave gear is increased, torque Is
and tests with these materials have shown longer applied to the shaft. This torque Is transmitted



Slave-system TABLE I. - GEAR DATA
Oil-sea! oil inlet, [Gear tolerance per AGMA class 12.]
gas flow Drive shaft

Viewing Number of teeth ............. 28
Module ................ 3.2

port -r Load Pressure angic, deg ........ .. 20
Test- I-- r ePitch diameter, cm ........... 8890%kT i p r e l i e f , cm . . . . . . . ... 0 0 1l b i a tT o o t h w i d t h .c m . . . .0 .6 4

iSurface finish, Nm ... .......... 0.41

i J Test Material

The 9310 test gears and RC bars were manufac-
tured from either vacuum-arc-remelted (VAR),
consumable-electrode vacuum-melted (CVM), or
vacuum-induction-melted, vacuum-arc-remeltcd

Shaft (VIM-VAR) AISI 9310.
oilseal The M5ONIL test gears and RC bars were mano-

Loading factured from VIM-VAR material. This M5ONIL mate-ain rial was developed from a staniara AISI M50 by
vane

reducing the carbon content from 0.85 to 0.13 to
O'il -Slavegear provide improved fracture tougnness and adding a
seal small amount of nickel (3.4 percent) to stabilize

TG t 'Test the austenite and to prevent the formation of
gear I gears .x excessive amounts of ferrite and retained
cover ' '- austenite.

The chemical compositicn of the test gears and
LTest-lubricant RC bars Is given in Table I. The heat treatment

outlet temperature >-. procedure for the gears and RC bars Is given In
measurementlocation CD-11124-15 Table III. The gears and RC bars were case carbu-

rized and hardened to case hardness of RC 50. The
case and core photomicrographs of the 9310 and

Figure .-NASA Lewis Research Center's gear fatigue test MSONiL are shown in Figs. 2(a) and (b), respec-
apparatus, tively. The retained austenilte for the M5ONIL is

much higher than would be expected for the treat-

ment procedure specified In Table III. This highthrough he test. gears back to the slave gear. level of retaned austenlte was apparently the
where an equal but opposite torue is maintained by level of retan tenie faseapprent tth o1 resueresult -,sing the dee freeze treatment. It
the oil pressure. was not e~pected that the absence of the deep

Separate lubrication systems are provided for freeze would significantly change the fatigue life
the test gears and the main gearbox. The two
lubrication systems are separated at the gearbox of the M5ONiL gears.
shafts by pressurized labyrinth seals. Nitrogen is Lubricant
the seal gas. The test gear lubricant is filtered All the gears were lubricated with a single
through a 5-pm nominal fiberglass filter. batch of synthetic paraffinic oil, which was the{ ~The belt-driven test rig can be operated at btho ytei aafncol hc a h

The eltdrivn tst ig cn b opeate at standard test lubricant for the gear tests. The
several fixed speeds by changing pulleys. The
operating speed for the tests reported herein was
10 000 rpm.

RaTABLE II. - CHEMICAL COMPOSITIONS Rolling-Contact Fat-lque Tester

A cylindrical test bar Is mounted In the pre- OF TEST MATERIALS,
clsion chua . The drive motor attached to the wt %
chuck drives the bar, which In turn drives two
idler rollers. Load Is applied by closing the M5ONIL

.rollers against the test bar with a micrometer- Element AISI 9310

threaded turnbuckle and a calibrated load cell. Carbon,
Lubrication Is supplied by a drop feed system. Core 0.11 0.13
The test bar rotates at 12 500 rpm and receives Case .81 .86
25 000 stress cycles per minute. The maximum Manganese .58 .28
Hertz stress was 4.83 GPa (700 ksl). Phosphorus .003 .002

SSulfur .004 .002
Test Gears and RC Bar Specimens Silico .06 .18

The dimensions of the gears are given in Copper .21 .t5
Table I. The test specimens for the RC fatigue Chromium 1.38 4.21
tester were cylindrical bars 7.6 cm long with a Molybdenum .13 4.30
0.952-cm diameter. The surface finish was 0.13 to
0.20 pm. Vanadium .20... 1.19

The large mating rollers had a diameter of Nickel 3.20 3.44

19 cm and a crown radius of 0.635 cm. The surface Cobalt Balance B01
finish of the rollers was the same as that of the
test bars.
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physical lropertles of this lubricant are summar- MIL-L-7808G specification. The Oluid was a mix-
Ized in Table IV. Five vol " of an extreme- ture of two base stocks, a dlester plus a (trlme-
Pressure.addltive designated Lujrizol 5002 thylol propane) polyester. The additives in this
(partial chemical analysis given in Table IV) was fluid included antioxidants, load-carrying addi-
added to the lubricant. tives, metal passivators, a nydrolytic stability

The RC test specimens were lubricated with a additive, and a silicone antIfoam additive. The
standard diester test lubricant that met the types and levels of the additives are proprietary.

Test Procedure

rr.. ;: iGears. After the test gears ere cleaned to

- . .,-remove their protective coating, they were assem--. ; ' iL "  , i,.! bled on the test rig. The test gears ran In an

" - ,offset condition with a 0.30-cm tooth-surface over-
S.lap to give a load surface on the gear face of

..~, j0.28 cm, allowing for an edge radius on the gear

If both faces of the gears were tested, four
fatigue tests could be run for each set of gears.
All tests were run-in at a load per unit length of
1230 N/cm for 1 hr. The load was then increased to
5800 N/cm, which resulted in.a pitchline maximum
Hertz stress of 1.71 GPa. At the pltchllne load

the tooth bending stress was 0.21 GPa if plain
bending was assumed. Combining the bending and

(a)AlSI"lgo10 e. (b)AISl1Oco. torsional moments due to the offset load, gave a
maximum stress of 0.26 GPa.

'.* " Operating the test gears at 10 000 rpm gave a
pitchline velocity of 46.55 m/sec. ubrlcant was
supplied to the inlet mesh at 800 cm /min and

Sr320=6 K. The lubricant outlet temperature was
, nearly constant at 350±3 K. The tests ran continu-

* ously until the rig was automatically shut down by
the vibration detection transducer (located on the

& :gearbox adjacent to the test gears) or until 500 hr
of operation without failure were compteted. The
lubricant circilated throug. a 5-pm fiberglass fil-

- ter to remove wear particles. For each test
Si3.8 ters of lubricant were used. At the'end of
each test, the lubricant and the filter element
were discarded.

The pitchline elastohydrodynamic (EHD) film

(c) M5ONiL case. (d) M5ONIL core. thickness was calculated by the method of Dowson.
8

Assuming the contact temperature was equal to the

Figure 2.-Case and core microphotographs of ASI 9310 outlet oil temperature. The EHO film thickness
for these conditions was computed to be 0.33 Pm,
whicn gave an Initial ratio of film thickness to
composite surface roughness h/ of 0.55 at the
1.71-GPa pitchline maximum Hertz stress.

TABLE III. - HEAT TREATMENT PROCEDURE FOR MATERIALS TESTED

Step Process AISI 9310 M5ONiL TABLE IV. - LUBRICANT PROPERTIES

Temper- Time, Temper- Time, Property Synthetic
ature, hr ature, hr paraffinic
"F OF oil plus

additives a

I Preoxidatlon ---- ---- 1750 a2
2 Carburizing 1650 8 1750 bI2  Kinematic viscosity,
3 Tempering 1200 10 1200 c2 cm2 /sec at
4 Preheating ---- ---- 1500 100 OF 31.6x10- 2

5 Austenizlng 1500 2.5 2025 .25 210 OF 5.5x10-2

or hardening Fire point. *F 500
6 Quenching ---- ---- 1100 .2 Pour point, OF 65
7 Tempering ---- ---- 975 2 Specific gravity 0.8285
8 Deep freezing -120 ---- -100 d1  Specific heat at 100 OF 2190
9 Tempering 350 2 975 2 + 2 J/kg K

aAir. aEP additives: Lubrlzol 5002 (5 vol %)
bAt 0.7 CP. containing 0.03 vol % phosphorus
coil quench. and 0.93 vol % sulfur.
domitted by error on gears.
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Each running surface on a pair of gears was When the rollers and the test bar were In
considered as a system and, hence, a single test. thermal eoutlibrium at a bar temperature of -305 K,
Test results were evaluated by'using Weibull plots the full load of 1250 N was applied to give the

calculated by the method of Johnson.9  (A Weibull test bar a maximum Hertz stress of 4.83 GPa. When
plot Is the number of stress cycles versus the sta- a fatigue failure occurred, the rig and related
tistical percentage of gear systems failed.) Since instrumentation were automatically shut down by a
the gears were run In an offset condition, four vibration detection system. The axial position of
tests were obtained from each pair of gears. the test bar In the drive chuck was changed to a

new running track before testing was resumed, Test
RC tests. Fatigue testing was also performed results were a]lo evaluated according to the meth-

in the RC rig. The test bar was Installed and the ods of Johnson.i
rollers were brought against the bar by using the
turnbuckle. The load applied was sufficient to RESULTS AND DISCUSSION
allow the bar to drive the contacting rollers and
the bar was accelerated to the 12 500-rpm test Gear Life Results
speed. One lot each of VAR AISI. 9310, VIM-VAR AISI

9310, and VIM-VAR MSONIL spur gears were endurance

0 VIM-VAR tested. Test conditions were a tangential load of
5.788 N/cm, which produced a maximum Hertz stress

99- A)Ii 9310 of 1.71 GPa, and a speed of 10 000 rpm. The geare.
97- 03 VAR AISI 9310 failed by classical subsurface pitting fatigue.
9 A M5ONiL 0 The pitting fatigue life results of these tests are
90- shown In the Weibull plots of Fig; 3 and are sum-

80-/ marized in Table V. These data were analyzed by
E the method of Johnson. 9

S,60 The VAR AISI 9310 material exhibited 12- and
50-percent pitting fatigue lives of 18.8x10 and

40 46x106 stress cycles, respectively. The failure
"Index was 18 out of 19. A typical fatigue spall

, -that occurred near the pitch line is shown In
W Fig. 4(a), This spall is similar to those observed

20 in rolling-element fatigue tests. The pitchltne
C0 6- pitting is the result of high subsurface shearing

10 0 stress, which develops subsurface cracks.
CL 10Pitting fatigue life results of the gears made
iB from VIM-VAR AISI 9310 material are also shown in

6 Z. Fig. 3. The 10- and 50-percent surface fatigue
Slives were 48x106 and ZOOx 10 stress cycles,
Cn respectively. The failure Index was 24 out of 33.

Nine suspensions did not fail after completing
2 500 hr of testing. The 10-percent life of the VIM-
810 20 4060 100 200 400 1000x108  VAR AISI 9310 was more than two times, that of the

Gearlife, revolutions VAR material. The confidence number for the
10-percent life level was 92.5 percent, which

Figure 3.-Surlace fatigue life of VAR and VIM-VAR tndt ces t he eve p t , whch

AISI931 an M5OiL estgeas. Seed 10000 indicates that the difference Is statistically sig-
AISI9310 andM50NiLtestgears. Speed, 10000 nIfIcant. (The confidence number Indicates the
rpm; maximum Hertz stress, 1.71 GPa (248 ksi); percentage of time the relative lives of the mate-
temperature, 350K(170'F);lubricant, synthetc rial will occur In the same order). These data
paraffin with 5 vol% lubrlzol 5002 (EP dditive). indicate that for longer life the use of VIM-VAR
Arrows denote suspension of tests. AISI 9310 steel Is preferred over VAR AISI 9310

steel.

TABLE V. - FATIGUE LIFE RESULTS FOR TEST GEARS

AND ROLLING-CONTACT BARS

Material System life. Welbull Confidence
millions of slope number at
stress cycle', 10-percent
i0 percent life level,

percenta

Gears:
VAR AISI 9310 18.8 2.1
VIM-VAR AISI 9310 48 1.3 92.5
VIM-VAR MSONIL 217 2.3 99

Rolling-contact bars:
VAR AISI 9310 4.2 2.3
VIM-VAR AISI 9310 6.84 2.26 76

4 VIM-VAR MSONIL 90.6 2.1 99

aPercentage of time that the 10-percent life obtained with VAR
AISI 9310 will have the same relation to the 10-percent life
obtained with VIM-VAR AISI 9310 or VIM-VAR M5ONIL.
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lol -I~l95-
, 90 - VAR AISI
" 80 9310

~60
cc-40 VIM-VAR0 AISI 9310

M5ONiL

"i 2

2 4 6 10 20 40 60 100 200 400x106
RC bar life, revolutions

Figure 5.-Roling.contact fatigue life of VAR and
(a) AISI 9310 gears. (b) M5ONiL gears. VIM.VAR AISI 9310 and M50NIL In rolUng-contact

ilof AISI 9310 and MSON fatigue tester. Maximum Hertz stress, 4.83 GPaFigure 4.- Typical fatigue spail (70fkA);Sar9pee,02 50nrm;MemOraire

telst gears. Speed, 10 000 rpm; maximum Hertz stress. (700 ksl); bar speed, 12 500 rpm: temperature,

1.71 GPa (248 ksi); temperature, 350 K (170 OF); lubricant, ambient; lubricant, MIL-L-7808G,

synthetic paraffin with 5 vol % lubrizol 5002 (EP additive).

The Pitting fatigue life results of the gears
made frozm VIM-VAR MSONIL material are also shown
in Fig. 3. The I0- and 50-percent surface fatigue
lives were 217xlO and 496x10 6 stress cycles,

*: respectIvely. The failure index was 2 out of 20.
Eighteen Susoensions-ran 500 hr without failure.
A typical fatigue spall for the VIM-VAR M5ONiL . Y
gear is _shown In Fig. 4(b). Some of the M5ONIL

* gears were deliberately run with a surface fatigue
spall for up to 12 additional hours without a tooth
fracture occurring, This Indicated that the MSONIL
has a good fracture toughness since no tooth frac-
tures occurred even though gears were run with
fatigue spalls and thus increased dynamic loads.
The 10-percent surface fatigue life of the VIM-VAR
M5ONIL was more than 11 times that of the VAR AISI
9310 and more than 4 times that of the VIM-VAR AISI
9310, The confidence number; for the M5ONIL were
99 percent compared with the VAR 9310 and 92.5 per-
tent compared to the VIM-VAR 9310. both of which

j, are statistically significant.

I~ Rolling-Element Life Results
Test bars of VAR AISI 9310, VIM-VAR AISI 9310.

and VIM-VAR M5ONIL were tested in the RC fatigue
tester. The test data were originally reported in
Refs. 6 and 7. One lot of each material was Figure 6.-Typical rolling-element fatigue failure.

tested. The RC bars were tested at a maximum Hertz
stress of 4.83 GPa and a bar speed of 12 500 rom. The VIM-VAR MSONIL RC test bars had 10- and
The RC tests were run at ambient temperature with a 50-percent pitting fatigue lives of 90.6x106 and

* MIL-L-7808G lubricant. The results of these tests 219xi00 stress cycles, respectively. The failure
are shown In the Welbull plots of Fig. 5 and are index was 5 out of 20. The confidence number for
summarized in Table V. These data were analyzed by the difference In life between the MSONIL bars and
the method of Johnson.9  A typical surface fatigue the VAR and VIM-VAR AISI 9310 was 99 percent, a
spall for an RC test specimen Is shown In Fig. 6. statistically significant difference.
10- The VAR AISI 9310 RC test bars exhibited From the results of the data for the gear
10- and 50-percent pitting fatigue lives of 4.2x0 6  tests and the RC test bars for VAR AISI 9310, VIM-
and 9.4xl0 6 stress cycles, respectively. The fail- VAR AISI 9310. and VIM-VAR M5ONIL It Is concluded
ure Index was,10 out of 10. that the VIM-VAR 9310 material is superior to tne

The VIM-VAR AISI 9310 RC test bars had 10- VAR material for surface fatigue life. This con-
- and S0-percegt pitting fatigue lives of 6.84x10 6  clusion was not unexpected since a cleaner steel

and 15.74xi0 stress cycles, respectively. The would have fewer Inclusions, where fatigue spalls
failure Index was 10 out of 10. The confidence tend to originate, and therefore longer fatigue
number for the difference In the 10-percent lives life.
of the VAR and VIM-VAR 9310 test bars was VIM-VAR MSONIL was shown to be far superior
76 percent. in life to either VAR or VIM-VAR AISI 9310, being
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4.5 tlmes-the VIM-VAR 9310 for gears and 13.2 References
times the VIM-VIR 9310 for RC bars and 11.5 times
the VAR 9310 for gears and 21.6-times the VAR 9310 1. Parker, R.J,, Bamberger, E.N., and
for RC bar:. These life differences are very large Zaretsky, EV., "Bearing Torque and Fatigue
and Irdicate that the VIM-VAR MSONIL offers a sig- Life Studies With Several Lubricant; for Use
nIfIcant advantage as a gear material over VIM-VAR In Range 500 OF to 700 OF," NASA TN D-3948,
AISI 9310. In addition the VIM-VAR MSONIL gear 1967.
material ixhibited good fracture toughness and thus
Is very attractive as a gear material. The higher 2. 8amberger, EX., Zaret:ky, -.V., and
temperature capability of the M5ONIL 589 K also Anderson, W.J.. "Effects of Three Advancel
enhances this material for gear applications where Lubricants on High-Temperature Bearing Life,"
this requirement Is needed such as high-speed air- Journal of Lubrication Technology, Vol. 92,
craft and aircraft that must operate for up I hr No. 1, Jan. 1970. pp. 23-33.
after loss of lubricant. 3. Townsend, D.P., Parker, R,,, and

SUMMARY OF RESULTS Zaretsky, E.V.. "Evaluation of CBS 600 Carbu-
rized Steel as a Gear Material," NASA,P-1390,

Spur gear endurance tests and rolling-element 1979.
surface tests were conducted to Investigate VIM-VAR
MSONIL steel for use as a gear steel In advanced 4. Townsend, D.P., and Zaret;ky. E.V., "Endurance

aircraft applications, to determine Its endurance and Failure Characteristics of Modified VASCO

characteristics, and to compare the results with X-2, CBS 600 and AISI 9310 Spur Gears," Jour-
those for standard VAR and VIM-VAR AISI 9310 gear nal of Mechanical Design, Vol.,103, No. 2,

materials. Tests were conducted with spur gears Apr. 1987. pp. 505-515. (NASA TM-81421).

and rolling-contact (RC) bars manufactured from
VIM-VAR MSONIL and VAR and VIM-VAR AISI 9310. The S. Townsend, D.P., "Surface Fatigue Life and Fail-

gear pitch diameter was 8.9 cm. Gear test condl- ure Characteristics of EX-53, CBS 1000 M and

tions were an Inlet oil temperature of 320 K, an AISI 9310 Gear Materials," NASA TP-2513, 1985.

outlet oil temperature of 350 K, a maximum Hertz
stress of 1.71 GPa, and a speed of 10 000 rpm, 6. Bamberger, E.N., and Kroeger, 0.3.. "Rolling
Bench rolltng-element fatigue tests were conducted Element Fatigue Life of a Carburized Modified

at ambient temperature with a bar speed of M50 Bearing Steel." NASA CR-168295, 1984.
* 12 500 rpm and a maximum Hertz stress of 4.83 GPa.

7. Nahm. A.H., "Rolling Element Fatigue Testing

The following results were obtained: of Gear Materials, R78AEG476, General Elec-
tric, Cincinnati. OH, 1978, NASA CR-135450,

I. The VIM-VAR MSONIL test gears had a
10-percent surface fatigue life that was 4.5 times 8. Oowson, D,, and Higginson. GR.,
that of the VIM-VAR AISI 9310 and 11.5 times that Hydrodynamic Lubrication. Pergammon Press.

of the VAR AISI 9310 material. New York, 1966.
2. The VIM-VAR M5ONIL RC test bars had a

10-percent surface fatigue life that was 13.2 times 9. Johnson, L.G., The Statistical Treatment of

that of the VIM-VAR AISI 9310 and 21.6 times that Fatigue-Experime-t , Elsevier Publication

of the VAR AISI 9310 material. Co.. New York, 194.
3. The VIM-VAR MSONIL was shown to have good

resistance to fracture through a fatigue spall In a
gear tooth and to have fatigue life far superior to
that of VAR and VIM-VAR AISI 9310 in both gear and
RC bar tests.
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